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Natural	materials,	 such	 as	 bone,	 integrate	 living	 cells	 composed	 of	 organic	
molecules	 together	 with	 inorganic	 components.	 This	 enables	 combinations	 of	
functionalities,	 such	 as	 mechanical	 strength	 and	 the	 ability	 to	 regenerate	 and	





enabled	biofilms	 to	be	both	a	 functional	material	 in	 its	own	right	and	a	materials‐
synthesis	platform.	To	demonstrate	the	former,	we	engineered	E.	coli	biofilms	into	a	
chemical‐inducer‐responsive	 electrical	 switch.	 To	 demonstrate	 the	 latter,	 we	
engineered	E.	coli	 biofilms	 to	 dynamically	 organize	 biotic‐abiotic	materials	 across	
multiple	 length	 scales,	 template	 gold	 nanorods,	 gold	 nanowires,	 and	
metal/semiconductor	 heterostructures,	 and	 synthesize	 semiconductor	
nanoparticles1.	Thus,	 tools	 from	synthetic	biology,	 such	as	 those	 for	artificial	gene	
regulation,	 can	 be	 used	 to	 engineer	 the	 spatiotemporal	 characteristics	 of	 living	
systems	and	to	interface	living	systems	with	inorganic	materials.	Such	hybrids	can	
possess	 novel	 properties	 enabled	 by	 living	 cells	 while	 retaining	 desirable	
	 iv
functionalities	 of	 inorganic	 systems.	 These	 systems,	 as	 living	 functional	materials	
and	 as	 living	materials	 foundries,	would	provide	 a	 radically	 different	 paradigm	of	
materials	 performance	 and	 synthesis	 –	materials	 possessing	multifunctional,	 self‐
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responsiveness	 to	 environment.	 We	 propose	 that:	 1)	 these	 properties	 of	 living	 systems	
have	been	productively	applied	 in	synthetic	biology,	2)	 these	characteristics	are	useful	to	















































	 Living	 systems	 can	 perform	 impressive	 feats	 of	 self‐organization	 that	 are	 hierar‐








patterned	materials.	 Self‐organization	 in	 biology	 is	 carried	 out	 by	 genetic	 programs	 and	
aided	 by	 physical	 forces;	 one‐dimensional	 strings	 of	 letters	 in	 DNA,	 encoding	 genes	 and	
regulatory	 elements,	 can	 somehow	 direct	 the	 fabrication	 of	 complex	 three‐dimensional	
structures	in	cells	and	organisms.	
Understanding	and	modifying	these	programs	through	synthetic	biology	may	allow	






been	 harnessed	 to	 create	 materials,	 some	 examples	 being:	 active	 self‐assembled	 matter	




	 Living	 systems	 sense	 inputs	 from	 the	 environment,	 integrate	 them,	 and	 respond	
with	 appropriate	 outputs.	 Environmental	 responsiveness	 is	 a	 property	 that	 is	 one	 of	 the	





molecules,	 sensing‐and‐destruction	 of	 cancer	 cells	 via	 detection	 of	microRNA	 signatures,	
sensing‐and‐amelioration	of	high	uric	acid	levels,	and	multi‐cellular	computation	in	which	
cells	implementing	simple	logic	gates	are	wired	together	by	chemical	signaling.	Cells	have	
also	 been	 incorporated	 into	 materials	 as	 sense‐and‐respond	 modules	 that,	 for	 example,	
produce	urate	oxidase	in	response	to	uric	acid	or	produce	insulin	upon	activation	by	light.	
	 Living	 sense‐and‐respond	 systems	 can	 be	 useful	 as	 “smart”	 environmentally	 re‐








While	 living	matter	made	of	 organic	molecules	 offers	 exciting	 prospects	 for	novel	
functional	materials,	 it	 can	be	deficient	 in	certain	useful	properties,	 such	as	 the	ability	 to	
conduct	electrons	and	the	ability	to	interact	with	magnetic	fields.	This	gap	can	be	bridged	
by	 incorporating	 inorganic	 components	 that	 possess	 such	 properties,	 creating	 multi‐
functional	materials	that	combine	the	capabilities	of	living	systems	with	those	of	inorganic	




with	 inorganic	materials	 can	be	 accomplished	 via	 biomineralization,	which	may	be	 engi‐
neered	with	synthetic	biology,	or	via	bioconjugate	chemistry.	As	an	example	of	the	former,	
























such	 as	 spatial	 inducer	 gradients	 and	 protein	 engineering,	we	were	 able	 to	 achieve	 self‐
organization	of	materials	across	multiple	length	scales	with	biofilms.	The	ability	to	hierar‐
chically	organize	materials	across	multiple	length	scales	is	a	major	challenge	for	materials	








sired	 morphologies)	 and	 synthetic	 gene	 circuits,	 the	 precise,	 dynamic,	 and	 autonomous	
control	of	multi‐scale	structure	should	be	achievable	by	living	functional	materials.	
We	also	demonstrated	that	living	functional	materials	and	living	materials‐synthesis	
platforms	based	 on	biofilms	 can	 organize	 and	 synthesize	 biotic‐abiotic	 hybrid	 structures	
with	novel	 functions.	For	example,	gold	nanorods,	nanowires,	and	chains	were	templated	
on	 biofilm‐synthesized	 curli	 nanofibers.	 This	 allowed	 the	 implementation	 of	 electrically	
conductive	biofilm	switches	whose	 conductivity	 could	be	 toggled	on	with	 the	addition	of	
  9
external	 chemical	 signals.	 In	 addition,	 semiconductor	 quantum	dots	were	 synthesized	 or	
organized	on	biofilm‐fabricated	curli	nanofibers,	and	co‐assembled	with	metal	nanoparti‐




up,	 they	 are	 promising	 substrates	 for	 the	 distributed,	 environmentally‐friendly	manufac‐
turing	of	materials	and	devices.	We	envision	that	related	platforms	could	enable	the	crea‐
tion	 of	 cell‐synthesized	 batteries	 and	 solar	 cells,	 self‐healing	 living‐cell	 glues,	 self‐







rials	 in	 response	 to	 external	 inputs,	 b)	 organize	 materials	 autonomously	 via	 cell‐to‐cell	






Living	 system	 properties	 of	 evolvability,	 self‐organization,	 and	 responsiveness	 to	
the	 environment,	 in	 conjunction	with	 tools	 to	 interface	 cells	with	 inorganic	 components,	
constitute	 a	 foundation	 for	 synthesizing	materials	 with	 novel	 functionalities.	 Our	 recent	
work	with	engineered	biofilms18	establishes	a	proof‐of‐concept	that	living	cellular	systems	
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pET11d‐T7‐ pAYC017	 pBR322	origin,	Amp	resistance,	T7	 Gift	of	
Chao	
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* Kanamycin (Kan), Spectinomycin (Spec), Chloramphenicol (Cm), Ampicillin (Amp) 
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aTcReceiver/CsgAFLAG	 fAYC015 E.	coli strain	that	
expresses	CsgAFLAG	
under	tight	regulation	by	
Spec,	Kan,	
Cm	
This	work
 140
an	anhydrotetracycline	
(aTc)	inducer‐
responsive	
riboregulator.	Made	by	
transforming	pZA‐CmR‐
rr12‐pL(tetO)‐csgAFLAG	
plasmid	into	MG1655	
PRO	∆csgA	ompR234.	
BL21	DE3	pLysS	/	
pDEST14‐T7‐
CCSpyCatcher	
fAYC016 E.	coli strain	that	
expresses	CCSpyCatcher	
when	induced	by	IPTG.	
Made	by	transforming	
pDEST14‐T7‐
CCSpyCatcher	into	BL21	
DE3	pLysS.	
Cm,	Amp	 This	work
BL21	T7	Express	Iq	/	
pET11d‐T7‐
csgAHisnoSS	
fAYC017 E.	coli strain	that	
expresses	CsgAHisnoSS	
when	induced	by	IPTG.	
Made	by	transforming	
pET11d‐T7‐csgAHisnoSS	
into	BL21	T7	Express	Iq.	
Cm,	Amp	 Gift	of	
Chao	
Zhong,	Lu	
Lab	
BW25113	∆csgA	/	
pZS‐CmR‐pL(lacO)‐
fAYC018 E.	coli	strain	that	
expresses	CsgA	under	
Kan,	Cm,	
Spec	
This	work
 141
csgA	+	pZS4Int‐
lacI/tetR	
control	of	pL(lacO)	
promoter,	along	with	
constitutive	expression	
of	lacI	and	tetR.	Made	by	
co‐transforming	pZS‐
CmR‐pL(lacO)‐csgA	and	
pZS4Int‐lacI/tetR	into	
BW25113	∆csgA.	
BW25113	∆csgA	/	
pZS‐CmR‐pL(lacO)‐
csgAZnS	peptide	(also	
referred	to	as	
“ csgA/CsgAZnS	
peptide”)	
fAYC019 E.	coli	strain	that	
expresses	CsgAZnS	peptide	
under	control	of	
pL(lacO)	promoter.	
Made	by	transforming	
pZS‐CmR‐pL(lacO)‐
csgAZnS	peptide	into	
BW25113	∆csgA.	
Kan,	Cm	 This	work
 142
BW25113	∆csgA	/	
pZS‐CmR‐pL(lacO)‐
csgA	(also	referred	
to	as	“ csgA/CsgA”)	
fAYC020 E.	coli	strain	that	
expresses	CsgA	under	
control	of	pL(lacO)	
promoter.	Made	by	
transforming	pZS‐CmR‐
pL(lacO)‐csgA	into	
BW25113	∆csgA.	
Kan,	Cm	 This	work
BW25113	∆csgA	/	
pZS‐CmR‐pL(lacO)‐
csgAHis	after	C‐terminus	
fAYC021 E.	coli	strain	that	
expresses	CsgAHis	after	R5	
under	control	of	
pL(lacO)	promoter.	
Made	by	transforming	
pZS‐CmR‐pL(lacO)‐
csgAHis	after	R5	into	
BW25113	∆csgA.	
Kan,	Cm	 This	work
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